INTRODUCTION
Visna-maedi virus is the prototype virus of the Lentivirinae, a subfamily of the Retroviridae which includes the human immunodeficiency viruses HIV-1 and HIV-2, equine infectious anaemia virus, caprine arthritis-encephalitis virus and a number of more recently discovered viruses of primates, and domestic and farm animals (reviewed in Haase, 1986) . The pathogenesis of the virus-induced diseases is typified by long incubation periods and slow progressive symptomatologies, with death occurring many months or years after infection. In contrast when these viruses are grown in permissive cells in tissue culture the virus multiplies in a comparatively rapid manner leading to cell death within days or weeks. In the case of visna virus it is clear that restriction of viral transcription and translation exists in vivo, but that this does not occur in vitro; cells containing small numbers of viral transcripts but expressing no detectable quantities of viral antigens are found in the animal, but such cells have not been reported in infections in vitro (Brahic et al., 1981 ; Gendelman et al., 1985) .
The lentiviruses are distinguished from other retroviruses by several features of their genome structure including the presence of several small open reading frames (ORFs) in addition to the three structural genes gag, pol and env which are characteristic of the retroviruses (Fig. 1) . The functions of these ORFs have been most fully characterized for HIV-1. Transcriptional mapping of this virus has shown that at least two of these reading frames encode specific RNA products in tissue culture (reviewed in Chen, 1986) . One of these, tat III, encodes a protein essential for efficient replication of the virus which acts both at transcriptional and translational levels (Peterlin et al., 1986; Rosen et al., 1986) . The second ORF, rev (also called trs or art), encodes a protein which regulates the production or utilization of the longer viral transcripts, although the mode of action of this protein is not yet fully understood (Feinberg et al., 1986; Sodroski et al., 1986) . Mutational analyses of HIV have shown that a third ORF (v/f) is also 0000-8830 © 1989 SGM required for the production of fully infectious virus in vitro (Fisher et al., 1987) . At least three more ORFs are evolutionarily conserved and encode proteins capable of eliciting antibody responses in infected individuals but no function has yet been described for these.
To understand the slow progression of lentivirus-induced diseases requires knowledge of how transcription and expression of viral protein are regulated both in lytic infections in tissue culture and in the restricted type of infection observed as the predominant infection in vivo. In lytic infections of choroid plexus fibroblasts, a complex set of visna virus transcripts has been described (Davis et al., 1987; Vigne et al., 1987) . These studies showed that visna virus produces, in addition to an unspliced genomic transcript encoding gag and pol gene products, three spliced transcripts encoding env and two smaller messages which are probably doubly spliced. The splice donor junction of the first intron has already been mapped, as have some acceptor sites of this intron (Davis et al., 1987; Vigne et al., 1987) . Here we confirm and extend these reports by using S1 nuclease mapping to assign all the major splice junctions of the second intron, and to investigate the major splice acceptor sites of the first intron. This has confirmed the utilization of a tat llI-like ORF (designated S by Sonigo et al., 1985) , and the presence of a second intron, and has also suggested the presence of a rev-like protein produced as a part of a polyprotein from the F reading frame.
METHODS
Viruses and cell culture. Visna virus strain 1514 was grown in ovine choroid plexus cells (Weybridge cell line, WSCP) between passages 15 and 30. For maintenance of virus stocks infections of low multiplicity were used. Tissue culture media [Dulbecco's MEM (DMEM) containing 1 ~ foetal calf serum] were harvested for use as a source of virus at various times after infection. For experimental infections, an m.o.i, of approx. 0.1 was used (as judged by titration of the virus in a c.p.e, assay). Supernatants containing virus were clarified by centrifugation (10000 g for 15 min) and incubated with cell monolayers for 1 h at 4 °C followed by 1 h at 37 °C. The monolayers were extensively washed in Hanks' buffered saline solution (HBSS) prior to incubation in DMEM containing 1 foetal calf serum for 72 h or as stated in the figure legends. In general, 2 x 10 s cells were used as a source of RNA.
RNA preparation and blots. RNA was prepared by a modification of the guanidinium thiocyanate method (Sargan et al., 1986) . For Northern blotting analysis, 5 or 10 ~tg samples of the RNA were fractionated by electrophoresis on 1 or 1.2 ~ agarose gels containing 2.2 M-formaldehyde (6.7 ~ v/v) and 20 mM-sodium phosphate pH 7-0. Capillary blotting, hybridization and wash conditions have been described (Sargan et al., 1986) .
Probe preparation and labelling. A D NA clone of the long SacI fragment (8.5 kb) of visna virus strain 1514 was a kind gift of Dr J. E. Clements (Molineaux & Clements, 1983) . This was used as a source of restriction fragments from which subclones of the viral genome were derived (see Fig. 1 and legends to other figures). Some of the fragments were purified by two electrophoretic separations through agarose gels and used directly to produce probes. For Northern blots, probe fragments were 32p-labelled by oligonucleotide-directed labelling (Feinberg & Vogelstein, 1983 ) to a specific activity of > 3 x 10 s c.p.m./p.g. Probes for S1 nuclease analysis were synthesized by 3' end labelling of appropriate restriction fragments using the Klenow fragment of DNA polymerase I in a 'fill-in' reaction with [~-32p]dNTPs or by 5" end labelling using T4 polynucleotide kinase and [y-32p]ATP. Specific activities obtained were approx. 5 x 105 c.p.m./~tg.
Hybridizations and $1 nuclease analysis. Hybridization conditions for S 1 mapping were according to the method of Favaloro et al. (1980) . In most cases 20000 c.p.m, of end-labelled probe were ethanol-precipitated with 15 p.g of total RNA from visna virus-infected WSCP cells. Samples were redissolved in 30 ~tl of hybridization buffer (80~ formamide, 0.4 M-NaC1, 1 mM-EDTA, 10 mM-PIPES pH 6-4) and denatured by heating to 85 °C for 10 min, prior to hybridization for 16 h at 49 °C, or 39 °C for shorter probes. Fifteen microlitres of sample was then diluted into each of two 300 p.1 volumes of S1 digestion buffer (0-28 ~-NaC1, 0-05 M-sodium acetate pH 5.0, 4.5 mM-ZnSO4, 10 vtg/ml denatured sheared calf thymus DNA, 10 l.tg/ml native sheared calf thymus DNA). One of the aliquots contained S1 nuclease (1000 units except where stated). Both samples were incubated for 30 min at 30 °C. Digestions were stopped by adding 100 ~tl of 25 mM-EDTA, 50 mM-Tris-HC1 pH 8.0, containing 10 ~tg yeast RNA. Samples were extracted with phenol-chloroform, precipitated with ethanol and analysed by electrophoresis on polyacrylamide gels containing 8.3 M-urea.
RESULTS

Northern blot analysis of visna virus transcription
Infection of choroid plexus cells by visna virus (strain 1514) at an m.o.i, of approx. 0-1 produces c.p.e, beginning at 72 h post-infection (p.i.). At this time, the cells were lysed and total RNA preparations were made. Analysis of viral transcripts by Northern blotting, using a series of subgenomic viral probes ( Fig. 1) , showed that the virus produces a complex series of transcripts, including a full-length genomic transcript and five major spliced transcripts; the latter form two related groups. The first group comprising the three largest (4.9 kb, 4.3 kb and 4.0 kb) do not hybridize to gag andpol gene sequences (probes 1 to 3), but do hybridize to env and regions 3' of env, suggesting that they contain only a single intron. In addition, the 4.9 kb and 4.3 kb species hybridize to probes extending 5' to env and into the S ORF (Sonigo et al., 1985) . Although there is hybridization to a number of subgenomic species in the region of ORF Q, the hybridization pattern is less well defined than with the other probes and no predominant species are seen.
The two smaller RNAs (1.7 and 1.4 kb) showed a more complex pattern, hybridizing to sequences in the middle of the genome and at each end, but not to gag, pol or the central regions of the env gene. Initial analysis of these transcripts revealed probes specific for the S reading frame (probe 5) and a probe which overlapped S and env (probe 6); only the latter hybridized to the 1.4 kb RNA. The 1.7 kb RNA could therefore contain the short ORF S, whereas the 1.4 kb RNA could contain the short ORF T (Vigne et al., 1987) and sequences in the 5' region ofenv. In addition both transcripts hybridize to probes 9 and 10, and could contain the F ORF. No significant differences were seen when polyadenylated RNA was used instead of total RNA (data not shown). The transcripts detected are summarized in Fig. 8 . These data were in close agreement with the published studies of Davis et al. (1987) and of Vigne et al. (1987) .
Splicing pattern of the virus: S1 mapping
To map the coding capacity of the spliced transcripts fully, the intron/exon boundaries of transcripts were determined by S1 mapping.
Donor sites of the second intron
Two different end-labelled probes were used to determine donor sites in the region of the 5' end of env. S1 nuclease protection by infected cell RNA revealed a major donor site at the apparent nucleotide (nt) position of 5982 + 2 (using the numbering of Sonigo et al., 1985) (Fig.  2a, c) . This is close to a consensus splice donor sequence (Mount, 1982) at nt 5971. The likely reason for the discrepancy between the apparent position of this site and the position of the consensus element is seen by considering the sequence of the second major intron acceptor site. The sequence of the spliced transcript following this acceptor matched that of the probe at seven of 11 positions after the putative donor site, and therefore may have afforded protection across these extra residues. The protected fragment seen in this and all the subsequent analyses reported here was found only when infected cell RNA was used, and not with mock-infected cell RNA. When the probe used was labelled at nt position 5480, this was the only protection seen, whereas with the probe labelled at the HpalI site at nt 5904 a second protected band was seen, corresponding to an end of protection at nt 6097 (Fig. 2b) . Although this signal is weaker, it is seen easily if the hybridization temperature is raised to prevent stable hybridization of the short region nt 5904 to nt 5971. Again a good fit to consensus donor sequences is found at nt 6097. In addition several minor protections are seen upstream of nt 6150. Consensus splice donor sites at nt 6159 and 6198 may give rise to minor splicing variants.
Major acceptor site of the second intron
Probes to map the major acceptor site at the end of the second intron were produced by labelling the HindlII site at nt position 8643 using T4 polynucleotide kinase. Using the same RNA preparations, a major protected species of about 123 bases is found (Fig. 3) . A consensus acceptor element at nt 8529 is in good agreement with the likely splice junction. The use of this splice acceptor in connection with the donor junction mapped at nt 5971 would lead to the utilization of a long ORF prior to, but in frame with, the methionine codon at nt 8691, which is the first methionine encoded within ORF F (Sonigo et al., 1985) . This reading frame would be initiated by a methionine codon upstream of the second intron (that also used by env) and has some sequence similarity to the rev gene of HIV-1 (see Fig. 4 ). The use of the splice donor site at e (5904 to 6882); f (5967 to 7974); g (5974 to 8643); numbering according to Sonigo et al. (1985) . The labelled end of the S1 probes is shown (probe d was labelled at either end in separate experiments). (b) Northern blot of total RNA from visna virus 1514-infected WSCP cells, using the probes described above as shown. F, full-length probe. (Strips hybridized against probes 2 and 9 are from a separate experiment.) Arrowheads represent the full-length visna virus transcript and major spliced products.
nt 6097 in c o m b i n a t i o n with this site is not likely to allow the production of any protein product from the pre-F O R F , because the methionine that opens O R F T is not in register with this O R F . It is notable that immediately before the methionine codon at nt 8691 (amino acid position 60 in Fig. 4) there is a sequence similar to the consensus sequence for retroviral protease substrates noted by Pear & Taylor (1987) . It is possible that in visna virus, F protein and a rev-like protein are produced as a polyprotein and subsequently cleaved. 
Acceptor sites of the first intron
We looked for acceptor sites 5' to the S and env ORFs using appropriate probes (Fig. 5 ). Fragments strongly protected by infected cell R N A from S 1 nuclease had sizes corresponding to acceptor sites at nt positions 5590, 5954 and 6019. The first of these was barely visible when a probe labelled at nt 6394 was used (Fig. 5 a, solid arrow on figure) , but was more prominent with a probe labelled at nt 5904 (Fig. 5 b) , suggesting that many processed transcripts using the nt 5590 acceptor site are often further spliced to remove sequences including nt 6394. These positions were in good agreement with consensus acceptor sequences, and were in suitable positions to correspond to the spliced env containing messages of 4-3 and 4.0 kb respectively. The first site might also be used by doubly spliced messages encoding S and the pre-F transcripts and the second could encode pre-F alone. It is notable that the third site, when used in conjunction with the donor site at nt 6097, closely brackets the short T ORF.
We further looked for acceptor sites 5' to O R F Q (Fig. 5c ). In agreement with Davis et al. (1987) , we found several protected fragment sizes in this region, with no outstandingly strong protections. Of the many protected fragments seen, the strongest corresponded to putative splice acceptors at nt positions 4726, 4776, 4846 and 5006. All of these positions are close to consensus splice acceptor sequences (nt 4728, 4778, 4842 and 4992) , though that at nt 4992 is not preceded by a pyrimidine-rich sequence. One of these sites (at nt 4842) has also been identified by Vigne et al. (1987) . In that report, the short probe used makes it unlikely that the surrounding sites would have been seen. In Northern blotting, no distinct bands had been seen when O R F Q-containing sequences were used as a probe. We therefore believe that there is no strong preference in the selection of the splice acceptor in transcripts encoding Q, but that all possible consensus elements are used.
Other minor splice sites
A search for other protections indicative of other possible splice sites was undertaken using longer end-labelled probes. This revealed two minor protections, corresponding to splice acceptor sites at positions close to nt 7250 and 7660 (Fig. 6 ). Consensus acceptor sites exist at nt 7249 and 7655, but the significance of the use of these sites is not clear, as neither is followed by any long ORF (other than that of env).
Assignment of splice sites Jbr the 1.4 and 1.7 kb mRNAs
To elucidate further the splicing pattern of 1.7 and 1.4 kb transcripts close to the start of the env gene, probes spanning the region nt 5904 to 6008 and nt 6008 to 6394 were prepared. Both probes hybridized to the 1.7 kb transcript (Fig. 7) , suggesting that it is formed through splicing at the donor site at nt 6097 (although some transcripts may use instead the site at nt 5971). Hybridization of the 1.4 kb transcript to the nt 5904 to 6008 probe could not be detected although the probe further downstream does hybridize. This suggests that the majority of these transcripts also use the donor site at nt 6097. It is unlikely that transcripts containing only sequences from nt 5954 to 5971 would be detected in our blots, but it is clear that the majority of the 1.4 kb transcript does not contain second exon sequences 5' to nt 5954. It must therefore use the acceptor sites at nt 5954 or 6019. The RNA preparation used in this experiment contained lower concentrations ofenv-containing messages than that used in Fig. 1 . We have subsequently found that this is characteristic of earlier stages of infection (unpublished data). 
DISCUSSION
The genome structure of visna-maedi virus is similar to that of other members of the lentivirus group in that there are a number of small ORFs that may be utilized to produce small proteins with regulatory or other functions (Sonigo et al., 1985; Braun et al., 1987) . The virus produces a diffusible factor capable of trans-activation of its autologous promoter (Hess et al., 1985) . Sequence homologies with the tat protein of HIV suggest that this factor may be encoded by ORF S. In addition a second short ORF of HIV, known as rev, trs or art, controls splicing or export from the nucleus of transcripts in such a way that the ratio of spliced to unspliced transcripts is decreased in the absence of this protein (Feinberg et al., 1986; Sadaie et al., 1988) . No ORF homologous to trs has previously been reported in visna virus. However it has been reported that spliced transcripts are produced early during visna virus infection, whereas unspliced transcripts are present only at later times (Vigne et al., 1987 The transcripts produced by visna virus in choroid plexus cells exhibit a complex splicing pattern, in which either no introns or one or two may be removed. From the data presented here and summarized in Fig. 8 , it is clear that ORF S may be contained in the doubly spliced transcript of 1.7 kb, using a splice acceptor site at nt position 5590; such a transcript would include a termination codon in the first coding exon, and so would be unlikely to utilize ORFs in the last exon. The other abundant doubly spliced RNA includes a short central exon attached to an ORF encoding a pre-F protein. The first 51 amino acids of the final exon of this ORF show limited similarity to the rev protein of HIV (particularly in two groups of very basic residues after nt positions 25 and 44 of this exon). They are immediately followed by a sequence with homology to known proteolytic cleavage sites of retroviral protease substrates, followed by the sequences previously referred to as ORF F.
Other authors have reported the sequences used by visna virus as the donor splicing site and the extreme 5' acceptor sites of the first intron. Here we have looked for other major splice junctions used by the virus. We cannot rule out the possibility that we have overlooked some junctions used in this infection type and it is also possible that a different pattern of transcripts is found in vivo. It is not clear how the choice of splice junction elements used by the virus occurs. All the splice sites found show reasonable fits to published consensus sequences ( Fig. 9 ; Mount, Comparison of the sequences of splicing sites reported in this paper with consensus splice sites reported by Mount (1982) . The donor site at position 303 and the acceptor site at position 4842 were reported by others (Davis et aL, 1987 ; Vigne et al., 1987 Vigne et al., ). 1982 . Preliminary experiments to measure the size of exons used in the central regions of the visna virus genome have suggested that either of the last two acceptor sites of the first intron may be used with the second exon donor site at nt 6097. However, transcripts in which the acceptor site used is upstream ofnt 5480 use the donor site at nt 5971 preferentially ( Fig. 2a and data not shown). Previous reports and our own unpublished observations suggest that the proportions of spliced and unspliced transcripts vary with time after infection in lytic visna virus infections. In H/V, the rev gene product acts in the nucleus and has a role in regulating the level of spliced transcripts found in the cytoplasm (Cullen et al., 1988; Sadaie et al., 1988) . The control of the concentration of spliced transcripts in visna virus is not at the level of RNA stability of spliced versus unspliced transcripts (D. R. Sargan, unpublished results), and therefore may occur by a mechanism similar to that utilized by HIV.
Note added in proof. After this work was completed, Mazarin et al. (1988; Journal of Virology 62, 4813-4818 ) reported a visna virus cDNA clone encoding a rev-like protein which they have termed vpel.
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